Several major bacterial pathogens and related commensal species colonizing the human mucosa express phosphocholine (PC) at their cell surfaces. PC appears to impact host-microbe biology by serving as a ligand for both C-reactive protein and the receptor for platelet-activating factor. Type IV pili of Neisseria gonorrhoeae (Ng) and Neisseria meningitidis, filamentous protein structures critical to the colonization of their human hosts, are known to react variably with monoclonal antibodies recognizing a PC epitope. However, the structural basis for this reactivity has remained elusive. To address this matter, we exploited the finding that the PilE pilin subunit in Ng mutants lacking the PilV protein acquired the PC epitope independent of changes in pilin primary structure. Specifically, we show by using mass spectrometry that PilE derived from the pilV background is composed of a mixture of subunits bearing O-linked forms of either phosphoethanolamine (PE) or PC at the same residue, whereas the wild-type background carries only PE at that same site. Therefore, PilV can influence pilin structure and antigenicity by modulating the incorporation of these alternative modifications. The disaccharide covalently linked to Ng pilin was also characterized because it is present on the same peptides bearing the PE and PC modifications and, contrary to previous reports, was found to be linked by means of 2,4-diacetamido-2,4,6-trideoxyhexose. Taken together, these findings provide new insights into Ng type IV pilus structure and antigenicity and resolve long-standing issues regarding the nature of both the PC epitope and the pilin glycan.
A large number of Gram-negative pathogens initiating infection at mucosal surfaces use a unique family of proteinaceous filaments termed Type IV pili (Tfp) in colonization. These organelles have been extensively studied in the closely related species Neisseria gonorrhoeae (Ng) and Neisseria meningitides (Nm), the agents of gonorrhea and epidemic meningitis, respectively, where they mediate specific attachment to human epithelial cells (1) . A detailed understanding of the threedimensional structure and chemistry of these Tfp and the PilE pilin subunit is essential to the development of vaccines and anti-infective agents designed to prevent and control human disease. In both species, Tfp-associated adherence requires the simultaneous expression of pili and the less abundant PilC adhesin protein, which copurifies with it (2-4). In Ng, the pilin-like PilV protein has also been shown to be required for efficient adherence (5) . Explanations proposed to account for the pilV defect include the ineffective display of the PilC adhesin and that PilV itself may have receptor-binding activity. In addition, studies in both species have suggested that intrinsic properties of the PilE pilin subunit itself contribute to the adherence process (4, 6, 7) . Given these observations, the molecular mechanisms by which neisserial Tfp promote human cell adherence remain poorly understood.
The importance of neisserial Tfp in host interaction and disease pathogenesis is attested to by the notorious capacity of the PilE pilin subunit to undergo antigenic variation (8) . Posttranslational modifications provide additional sources for PilE structural and functional diversity. In addition to proteolytic processing and methylation of the N-terminal residue by PilD (9) , three distinct posttranslational modifications have been described. The first, reported for both Ng and Nm pilins, involves glycosylation. Characterization of the Ng strain MS11pilin crystallographic structure localized a carbohydrate modification to serine 63 (S 63 ), which was proposed to be Gal (␣1,3) GlcNAc (10) . Concurrently, Stimson and colleagues (11) used MS to demonstrate that Nm strain C311 PilE was glycosylated with the trisaccharide Gal(␤1-4) Gal(␣1-3) 2,4-diacetamido-2,4,6-trideoxyhexose (DATDH) at a serine or threonine between residues 50 and 73. The site of this modification has yet to be identified, although most evidence implicates S 63 (12) . In contrast, Marceau and colleagues (12) reported that some pilins from Nm strain 8013SB were modified with Gal (␣1,3) GlcNAc, the proposed Ng pilin glycan. Nm genes implicated in the pilin gylcosylation pathway (termed pgl) have been identified by virtue of mutations at these loci altering PilE biochemical properties compatible with altered carbohydrate composition (e.g., migration in SDS͞PAGE, reactivity with lectins and carbohydrate-specific antibodies, sugar composition profiles of purified pili, etc) (13) (14) (15) (16) . Many of these genes share strong homology with those implicated in the biosynthesis of the proximal bacillosamine component of the N-linked glycans in Campylobacter jejuni glycoproteins (17, 18) . The mass data for Nm pilin DATDH are consistent with bacillosamine, a DATDH sugar, although its stereochemistry has not been resolved. Given the distinctive glycan reported, it is surprising that Ng also contains a set of genes implicated in DATDH sugar synthesis (16) . Moreover, with the exception of Nm galE mutants (11), the precise nature of the ensuing alterations in pilin glycosylation mutants have not been characterized at the molecular level. In the absence of supporting structural data, the functions associated with the pgl gene products remain unsubstantiated and the pathway for pilin gylcosylation unresolved. A second pilin posttranslational modification was proposed from further analysis of Ng pilin crystallographic data that revealed an electron density peak compatible with a phosphate group covalently linked to serine 68 (S 68 ) (19) . A serine-linked phosphoglycerol has also been documented as being localized at residue 93 on Nm pilin (20) . The biological significance of these modifications remains largely unclear, given that dramatic phenotypic alterations have not been correlated with their presence or absence. The Nm pilin glycan, which is exposed on native Tfp, may be a target for naturally occurring anti-Gal IgA antibodies capable of blocking complement-mediated killing (21) .
Evidence for a further pilin posttranslational modification stems from the finding that some neisserial pilins react with the TEPC-15 monoclonal antibody recognizing a phosphocholine (PC) epitope (22) . The possibility that pilin may possess PC is particularly intriguing because this moiety is a surface constituent of many microbial pathogens. Activities attributed to the presence of the PC moiety in bacterial pathogens include promoting epithelial and endothelial cell adherence through binding to the platelet-activating factor receptor (23) (24) (25) and acting as an immune recognition target for C-reactive protein (25, 26) and PC-recognizing antibodies (27) . In the case of parasitic nematodes, PC-containing glycoproteins are associated with down-modulation of the immune response (28, 29) . In all of the examples cited, PC is linked through a carbohydrate moiety. The structural basis for pilin reactivity with TEPC-15 is not known, although it has been widely assumed to reflect the presence of covalently bound PC. It is also not understood why some but not all pilins react with the monoclonal antibody (22) . A potential explanation for these observations in Nm comes from the observation that altering TEPC-15 reactivity correlates with frameshifting events within the pptA͞dca gene, whose product plays an important but as yet undefined role in the phase variability of the pilin PC epitope (30, 31) .
In the course of studying piliated pilV mutants in Ng, we observed that PilE migration in SDS PAGE was reduced and found that this altered PilE mobility correlated with acquisition of the PC epitope. We now show important new information with respect to the posttranslational modification of PilE. Specifically, we present evidence for two novel covalent protein substitutions and for direct structural information on the glycan attached to Ng pilin.
Materials and Methods
Bacterial Strains, Vectors, and Culture Conditions. The Ng strains used in this study are described in Table 1 , which is published as supporting information on the PNAS web site. Escherichia coli and Ng strains were grown as described in ref. 32 . E. coli HB101 was used for plasmid propagation and cloning experiments. The following antibiotics were used for selection of Ng transformants: 10 g͞ml chloramphenicol, 8 g͞ml erythromycin, 50 g͞ml kanamycin, 1 g͞ml nalidixic acid, and 15 g͞ml tetracycline. Isolation and purification of plasmid DNA were performed by using Qiagen columns according to the manufacturer's specifications (Qiagen, Chatsworth, CA). The nucleotide sequences were determined from plasmid DNA clones or directly from PCR products at GATC Biotech (Konstanz, Germany).
Construction of a Ng Strain Bearing the pilVoe Allele. The plasmid pPilV4 (33) was transformed into the genome of strain N400 by Campbell integration, creating a copy of the pilV gene translationally fused to the pilE ORF sequence at the G Ϫ1 F ϩ1 and generating strain GV37.
Construction of Ng Strains with an Alanine Substitution Mutant in PilE
(pilES68A). A mutation changing residue 68 of PilE from serine to alanine was made by PCR by using the oligonucleotide pilE3Ј (5Ј-TCATCGATATATTATTTCCACCGG-3Ј) together with pilES68A (5Ј-CTTCTGCCGGCGTGGCAGCCCCCCCCA-3Ј) to introduce a thymine to guanosine substitution (bold italic) at codon 68 (bold). The PCR product was then digested by using the unique BglI and StuI sites and the resulting fragment ligated into a derivative of p2͞16͞1 (34) containing the wild-type pilE sequence, creating the plasmid pIga::pilE S68A . This plasmid was used to introduce the pilE S68A allele into the iga locus of strain MW24 (pilE ind ) and strain GV12 (pilE ind , pilV fs ) by transformation and selection for the linked ermC marker, generating strain GE108 (pilE ind , iga::pilE S68A ) and GE108V (pilE ind , iga::pilE S68A , pilV fs ), respectively. Strain MW25V (pilE ind , iga::pilE, pilV fs ) was made by transforming strain MW25 (pilE ind , iga::pilE) with DNA from a pilV fs (5) mutant strain harboring a chloramphenicolresistant minitransposon downstream of pilV (unpublished data).
Construction of Ng Strains Carrying Null
Mutations in pgtA, pglC, pglD, and pglF. Plasmid ppgtA5-erm (35) was introduced into strain N400 (wild type) and GV1 (pilV fs ) by transformation and selection for the ermC marker, generating strain GGA and GV38, respectively. The mutated ORFs from strains CMK25 (NMB pglC::aphA-3), CMK26 (NMB pglD::aphA-3), and CMK20 (NMB pglF::aphA-3) (16) were amplified by PCR by using the primers pglC5Ј (5Ј-CAACAAAGTCAACTACTG-GACGGG-3Ј) and pglC3Ј (5Ј-GTAAGAAATAGACAATCG-GCAGGG-3Ј), pglD5Ј-2 (5Ј-CCTATCCGTGCGAAGTGTT-GAC-3Ј) and pglD3Ј-2 (5Ј-CTCAGTGTGTGTA AGGC-AGATTGG-3Ј), and 11610 and 11487 (16), respectively. The PCR products were directly transformed into strain N400 to create strains GGC, GGD, and GGF and into strain GV1 (pilV fs ) to create strains GV39, GV40, and GV41, respectively. The pilE S68A allele was inserted into the iga locus of GGC, GGD, and GGF by transformation (see above), generating strains GGC2, GGD2, and GGF2, respectively. Subsequently, the cat cassette from pCM7 (36) was amplified by using the primers CAT-5Ј (5Ј-GCT TATCCCTGAGGAGCT TCGACGAGAT T T TC-AGG-3Ј) and CAT-3Ј (5Ј-ACCGCATGCCACGCCGGC-CGAATTTCTGCCATTCATCCG-3Ј). The PCR product was digested by using the unique Bsu36I and BglI restriction sites (bold) and cloned into pPilE digested with these same enzymes. DNA from the resulting plasmid, pPilE::cat, was used to inactivate the wild-type pilE locus of strains GGC2, GGD2, and GGF2, creating strains GGC3, GGD3, and GGF3, respectively. SDS͞PAGE, Immunoblotting, and Gel Staining. Cellular lysates and purified pili were separated on 15% SDS͞PAGE gels and either stained directly by using Coomassie brilliant blue (Amersham Pharmacia) or transferred to poly(vinylidine difluoride) membranes by immunoblotting. Procedures for SDS͞PAGE, Coomassie staining, and immunoblotting were described in ref. 32 . PilV was detected by immunoblotting by using PilV-specific rabbit polyclonal antibodies and alkaline phosphatase-coupled goat anti-rabbit antibodies (Tago) as described in ref. 5 . PCdecorated proteins were detected by using monoclonal antibody TEPC-15 (Sigma) (1:1,000 dilution) and alkaline phosphataseconjugated goat anti-mouse IgA (Sigma) (1:2,000 dilution) according to the manufacturer's specifications.
Characterization of Posttranslationally Modified Peptides. Ng pili were purified as described in ref. 34 . Samples were analyzed on 10% precast gels (Invitrogen) and stained with Novex Colloidal blue stain (Invitrogen). Relevant bands were excised, destained, and digested overnight with trypsin (Promega). Tryptic peptides were extracted from gel pieces and purified by using a C-18 microtrap peptide cartridge (Presearch, Fairfax, VA) in preparation for sequencing by MS and tandem MS (MS͞MS) by using a hybrid quadrupole orthogonal acceleration time-of-flight mass spectrometer (Micromass, Manchester, U.K.). MS and MS͞MS spectra were collected in the positive ion mode as described in ref. 17 . Data were acquired and processed by using MASSLYNX software (Micromass). The instrument was precalibrated with a 1 pmol͞l solution of [Glu-1]-fibrinopeptide B in acetonitrile͞5% aqueous acetic acid (1:3, vol:vol).
Results
Evidence for the Influence of PilV on PilE Pilin Subunit Structure and Antigenicity. We noted in studies of pilV mutants that the mobility of the Tfp pilin subunit protein PilE in SDS͞PAGE was reduced relative to that seen in the wild-type background and that the aberrant migration could be corrected by reintroduction of a wild-type copy of pilV (Fig. 1) . In addition, overexpression of pilV (by using the pilV oe allele) resulted in increased PilE mobility relative to that seen in the wild-type background (Fig. 1 ). Because these alterations were not associated with changes in pilE, the influence of PilV on PilE was occurring at the posttranslational level. By using the TEPC-15 monoclonal antibody recognizing PC in immunobloting of whole-cell lysates, pilin in the pilV mutant reacted strongly, whereas that in the wild-type background failed to react. Identical results were seen when purified pili samples were used (Fig. 1) . TEPC-15 reactivity was specific to the absence of PilV because it was abolished by reintroduction of a wild-type copy of pilV ( Fig. 1) and was directly related to PilE because it was not detected in a pilE, pilV background (data not shown).
To examine in more detail the basis for altered PilE properties, purified pili from the wild-type, pilV, and pilV oe backgrounds were separated by SDS͞PAGE and subjected to proteomics analysis. Doubly charged species in the MS spectrum of PilE not corresponding to tryptic autodigest products or unmodified PilE tryptic peptides were selected for collisionally activated dissociation (CAD) MS͞MS. A number of modified peptides were found, but, surprisingly, none of these species corresponded to those predicted from the primary structure of PilE and its reported modifications as described in the literature.
Identification of Unique Covalent Modifications of Wild-Type PilE Pilin.
Data indicative of a modified peptide were obtained from analysis of m͞z 1,198.5 2ϩ (Fig. 2A) whose mass was consistent with the doubly charged peptide 57 WPENNTSAGVASPPT-DIK 74 modified with phosphoethanolamine (PE) and a disaccharide composed of a hexose (Hex) residue and a DATDH residue. Loss of Hex from the peptide gave the signal at m͞z 1,117.5 2ϩ , whereas loss of HexDATDH gave the signal at m͞z 1,003.5 2ϩ . The signal observed at m͞z 933 2ϩ corresponded to the loss of both HexDATDH and PE from the peptide. Product oxonium ions for Hex and HexDATDH were observed in the low-mass region at m͞z 229 and 391, respectively. Fragment patterns are shown schematically in Fig. 2 A Upper.
The identification of PE on PilE was confirmed by gas chromatography MS (data not shown). Finally, the peptide was partially digested with the protease thermolysin, and the generated peptide 66 VASPPTDIK 74 was sequenced, and S 68 was shown to be modified with PE, as characterized by ␤-elimination at this residue (Fig. 2B) .
The findings for wild-type Ng pilin were consistent with the pilin glycosylation substituent previously identified in Nm (11) with the exception that a disaccharide rather than a trisaccharide was identified. Genome sequence screening and directed mutagenesis studies have identified Nm genes (termed pgl) whose inactivation alters biochemical properties of pilin (13) (14) (15) (16) 35) . The products of Nm pglA and its Ng ortholog, pgtA, are thought to be ␣1-3 galactosyltransferases responsible for addition of galactose to the basal sugar (13, 35) . The products of the pglC and pglD genes are structurally related to sugar transaminases and dehydratases implicated in the biosynthesis of DATDH, whereas that of pglF is related to proteins involved in the membrane translocation of a lipid-attached carbohydrate (15, 16) . To assess the influence of pgl gene products on pilin glycosylation, Ng mutants carrying null alleles of pgtA and the orthologs of pglC, pglD, and pglF were constructed and analyzed. modified with DATDH and PE but lacking Hex (Fig. 3A) . When pilin derived from purified pili from pglC, pglD, and pglF mutants were analyzed in the same way, CAD MS͞MS analysis of m͞z 1,003.5 2ϩ gave data consistent with the peptide 57 WPENNT-SAGVASPPTDIK 74 modified with PE but lacking the Hex-DATDH disaccharide in each case (Fig. 3B and Fig. 7 , which is published as supporting information on the PNAS web site). Product ions were observed at m͞z 933 2ϩ , corresponding to the loss of PE from the peptide. The other labeled signals result from peptide fragmentation together with the concomitant loss of PE. Together these results demonstrated that (i) Ng PilE pilin from this strain is a glycoprotein substituted with HexDATDH at S 63 , (ii) the pgtA gene product is required for the covalent modification with Hex, (iii) the pglC, pglD, and pglF gene products are required for the covalent modification with Hex and DATDH, and (iv) that covalent modification with PE at S 68 of PilE neither depends on the presence of the Hex or DATDH substituents nor the pgtA and pgl gene products. found for pilin derived from a pilV, pgtA background was consistent with the peptide modified with DATDH and PC (Fig. 8 , which is published as supporting information on the PNAS web site), whereas pilin from pilV mutants simultaneously carrying mutations in either pglC, pglD, or pglF retained undiminished reactivity with TEPC-15 (data not shown). Therefore, covalent modification of PilE with PC is independent of the glycosylation gene products and the HexDATDH moiety.
Influence of PilV Expression on PilE
Finally, analysis of the peptides derived from pilV oe pilin by CAD MS͞MS identified a signal at m͞z 1,137, consistent with the peptide 57 WPENNTSAGVASPPTDIK 74 modified with Hex-DATDH (Fig. 4B) . In summary, the data show that (i) wild-type PilE pilin is covalently modified with PE at S 68 ; (ii) in the absence of PilV, an additional pilin species is found that bears PC covalently attached at the same residue; and (iii) when PilV is overexpressed, S 68 bears no posttranslational modification. Furthermore, reactivity with the TEPC-15 antibody correlates directly with the presence of the PC substituent. (Fig. 5) . No product ions were detected to indicate that the peptide carried a phosphate moiety, consistent with the molecular weight observed. Similar CAD MS͞MS analysis of pilins derived from strains carrying both the pilE S68A allele, and mutations in pglC, pglD, or pglF were consistent with the unmodified peptide 57 WPENNTSAGVAAPPTDIK 74 (Fig. 9 , which is published as supporting information on the PNAS web site). These findings demonstrated that the presence of serine at residue 68 was essential for PE addition to the peptide but dispensable for glycosylation at residue 63. (Fig. 7 , strains GGD and GGF). To examine the influence of the alanine substitution at residue 68 on pilin modification with PC, a pilV-null mutation was introduced into the pilE S68A background, and its pilin was examined by immunoblotting with TEPC-15. In contrast to the strong reactivity seen in whole-cell lysates for the pilV mutant, the signal in the pilV, pilE S68A mutant sample was dramatically reduced but not abolished, and virtually identical findings were seen by using purified pili from these strains (Fig. 6) . The decrease in levels of the PC epitope in the pilV, pilE S68A mutant was quantitated by immunoblotting samples from the pilV wholecell lysates serially diluted into pilE S68A mutant lysates with TEPC-15 and determining the dilution that yielded a signal comparable to that seen in the pilV, pilE S68A mutant lysate. The results showed that the level of PC tagging was reduced 15-fold in the pilV, pilE S68A mutant relative to that seen for the pilV mutant (Fig. 10 , which is published as supporting information on the PNAS web site). Pilin from the pilV, pilE S68A mutant was analyzed by CAD MS͞MS, and the peptide 57 WPENNT-SAGVAAPPTDIK 74 modified only with HexDATDH was observed at m͞z 1,129, identical to that seen for the pilE S68A mutant (data not shown). Taken together, these findings identified S 68 as being the primary site for PC modification. In addition, PC modification can occur at at least one other site on pilin, although the proportion with the second site modification(s) was low.
Discussion
In this study, we demonstrate that the Ng pilin subunit undergoes differential posttranslational modifications with PC and PE. These findings are remarkable, because these moieties have never previously been observed to be either solitary substituents of protein or to be O-linked to polypeptide. To date, PC has only been found attached by means of carbohydrate on glycoproteins, whereas the linkage between PE in glycosylphosphatidylinositol and protein in glycosylphosphatidylinositol-anchored proteins is through an amide bond generated by a transamidase-catalyzed reaction (37) . The results here add Ng Tfp to the list of surface components of bacterial pathogens that carry the PC substituent. In addition, this study has clarified the structure of the glycan found attached to Ng pilin.
Two key findings presented here differ from those of earlier studies. First, it was previously concluded from indirect evidence that S 68 of Ng pilin was modified with phosphate rather than the substituents seen here. Additionally, a mutant pilin having alanine substituted at residue 68 was reported to be neither phosphorylated at this site nor glycosylated at residue 63. Here, we found no evidence for phosphate in any of the backgrounds tested, nor did the substitution of alanine for serine at residue 68 disrupt the presence of the glycan at S 63 . A second discrepancy relates to the identification of the Ng pilin O-linked moiety here as DATDH versus the GlcNAc proposed from the pilin crystallographic electron density map. Although the latter substituent has been repeatedly cited de facto as the O-linked sugar, it is important to note that this is based solely on indirect evidence from the crystallographic data and has never before been examined biochemically. Likewise, the assignment of GlcNAc in some Nm pilins was based simply on the mass of tryptic peptides carrying either serine or alanine at residue 63 (12) . In addition to the unequivocal MS results presented here, genetic data firmly support the conclusion that DATDH is the O-linked Ng pilin sugar. Specifically, the Ng pgl genes and gene products are highly related to those involved in the synthesis of the bacillosamine component of the N-linked glycans in C. jejuni glycoproteins, and null mutations at these loci (pglC, pglD, and pglF, specifically) abolish the presence of the 228-Da DATDH pilin sugar moiety. The sole difference between the disaccharide found here and the trisaccharide reported for Nm pilin is the terminal ␤1-4-linked galactose believed to be added by the PglE transferase. The pglE ORF contains multiple copies of the heptanucleotide repeat 5Ј-CAAACAA-3Ј that are responsible for phase variability, and the pglE allele of the Ng strain used here is in an out-of-frame configuration (15) . This strain then appears to have the genetic repertoire, albeit silent in this background, to synthesize a pilin trisaccharide identical to that found in Nm strain C311. In the absence of strong contradictory evidence, the case for a distinct Ng pilin glycan appears to be considerably weakened.
The findings described here point to a role for the pilin-like PilV protein in pilin modifications with PC and PE. Given the absence of any obvious structural features indicative of intrinsic enzymatic or metabolic activities, PilV presumably exerts its influence indirectly. Based on their shared N-terminal domains, one possibility is that PilV and PilE interact directly with one another. This possibility might indicate that PilV, which is expressed at substantially reduced levels relative to PilE (unpublished data), has chaperone-like activity or influences PilE maturation or trafficking. The question remains as to how the stoichiometry of PilV results in pilin with no modification (high PilV levels), PE modification (wild-type PilV levels), or a mixture of pilin forms with either PC or PE modification (no PilV).
Clearly, the role of PilV in these events can best be understood in the context of the modification machinery. PptA͞Dca was originally identified in this context through its structural similarity to Lpt3 and LptA, proteins implicated in the transfer of PE to Nm lipopolysaccharide (38, 39) . Based on our finding of PE-modified pilin, we targeted this same family of proteins in Ng and have found that dca-null mutations in a pilV background abolish pilin reactivity with TEPC-15 (unpublished data). Therefore, the pilin PC epitope in both species is PptA͞Dca-dependent, and, although the structural basis for the PC epitope in Nm pilin has yet to be determined, we presume it likely to be the same as described here for gonococci. Another facet relates to the potential sources of PE and PC, which would have to be relatively abundant. Taken together with the knowledge that phosphoglycerol is a substituent of Nm pilin (20) , it is inescapable to note that all three substituents can be found as the polar head group of phospholipids. By analogy with the processes in E. coli, for which both the inner core of lipopolysaccharide and membrane-derived oligosaccharides are decorated with phosphoforms derived from phospholipid (40-42), we hypothesize that PptA͞Dca acts as a phospholipid head-group transferase in the pilin modification process.
In summary, the discovery of unique posttranslational modifications of Ng pilin with PE and PC adds to the complexity of this important virulence factor and raises obvious questions as to their influence on Tfp biology. Like pilin antigenic variation and variable glycosylation, differential expression of these pilin forms suggest a role in modulating diversity. The phosphoform modifications are predicted to be exposed on the assembled organelle (19) and may influence pilus structure, function, and interactions with both the adaptive and innate immune systems. Differential modification may also provide a means for the organism to fine tune pilin membrane trafficking events and the dynamics of pilus extrusion and retraction so as to accommodate the vast array of antigenic variants generated in vivo.
